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ABS TRACT 

A procedure to describe the dynamic behavior of jet 
engines with particular respect of  interferences is 
presented. Starting with the thermodynamic relationships 
and the flow behavior of the individual structural groups 
of the engine, it is feasible to determine the transfer 
functions of all engine parameters. The dynamic behavior 
of a turbojet engine without controls, particularly as 
affected by interferences due to compressor air extraction, 
is described in detail. The progress of the data essential 
to the operating safety of the engine can be followed. The 
results obtained subsequently permit the investigation of 
engines with control systems. 

/17* 

Out 1 ine 

1. Introduction 
2. Engine and control 

2.1 Closed Control Circuit 
2.2 Control train 
Transfer behavior of the Engine 
3.1 General form of the transfer functions 
3.2 Derivation of the transfer functions from thermodynamic relationships 

3. 

3.2.1 Relationships derived from the power flow diagram 
3.2.2 Relation of the enthalpy differences to the pressure conditions 

3.2.3 Flow behavior of the structural elements of the engine 
3.2.4 Thrust equation 

and the flight Mach number 

3.3 
3.4 An evaluation example: SNECMA ATAR F 

Linearization and solution of the system 

3.4.1 Transfer functions 
3.4.2 Transition functions 
3.4.3 Entering the results in the characteristic field of the 

compressor 
3.5 Some notes concerning the application of the method 

*Numbers given in the margin indicate the pagination in the original foreign 
text. 

1 



NASA TT F-10,358 

3.5.1 Data requi red  i n  t h e  eva lua t ion  
3.5.2 Poss ib l e  expansion 

4 .  Behavior of t h e  c o n t r o l  c i r c u i t  
5. Sumary  
6. Appendix 

6 .1  Notat ion and ind ices  
6.2 References 

1. In t roduc t ion  
/1 

In  some VTOL a i r c r a f t  des igns ,  a i r  is e j e c t e d  through c o n t r o l  j e t s  t o  
s t a b i l i z e  t h e  f l i g h t  p o s i t i o n  dur ing  t h e  s t a r t i n g ,  t r a n s i t i o n  and landing 
phases (e .g .  Short  SC1 and Dassaul t  Balzac V-001). The jets are arranged as 
f a r  as p o s s i b l e  from t h e  cen te r  of g rav i ty  of t h e  a i r c r a f t  i n  o rde r  t o  keep t h e  
m a s s  ou tput  requi red  t o  achieve  t h e  necessary s t e e r i n g  moment a t  a minimum. 
The supply of compressed a i r  must be  provided by t h e  engines  which are thus  
sub jec t ed  t o  a d d i t i o n a l  requirements.  Depending on t h e  s i z e  of t h e  a i r c r a f t ,  
c e r t a i n  q u a n t i t i e s  of a i r  are taken f o r  sho r t  per iod  of t i m e ,  i r r e g u l a r l y ,  i n  a 
s t a t i o n a r y  o r  dynamic manner from one o r  more engines.  The volumes taken may 
amount a t  maximum t o  15% of t h e  a i r  flow through t h e  compressor. 

Sa fe ty  i n  opera t ion  and t h e  achievement of t h e  expected l i f e  of engines  
can be guaranteed only i f  s e v e r a l  cr i ter ia ,  such as l i m i t e d  rpm, maximum gas 
temperature  before  and a f t e r  t h e  t u r b i n e  and maximum duct-wal l  temperatures ,  
a l s o  s t a b l e  opera t ion  p a r t i c u l a r l y  of the compressor, are accura t e ly  observed. 
I f  t h e  engines are ca r ry ing  a d d i t i o n a l  loads,  e .g .  by t ak ing  a i r  from them, t h e  
cond i t ions  are no longer  s a t i s f i e d .  One cannot p r e d i c t  immediately i n , w h a t  
f a sh ion  and t o  what ex ten t  t h e  number of r evo lu t ions ,  t h e  most important oper- 
a t i n g  temperatures  and t h e  p o s i t i o n  of the ope ra t ing  po in t  i n  t h e  c h a r a c t e r i s -  
t i c  f i e l d  of t h e  compressor w i l l  be  changed by t h e  e j e c t i o n  of a i r .  Fu r the r ,  
i t  i s  no t  s u r e  how t h e s e  ope ra t ing  da ta  w i l l  va ry  during nons ta t ionary  a i r  
e j e c t i o n .  The purpose of t h e  present  study is  t o  i n v e s t i g a t e  t h e  dynamic be- 
havior  of t u r b o j e t  engines  i n  t h e  case  of t h e  d i s tu rbance  caused by a i r  ex t rac-  
t i o n  a f t e r  t h e  compressor. 

2 .  Engine and Control  

2 . 1  Closed c o n t r o l  c i r c u i t  

The engine and t h e  r egu la to r  form a c losed  c o n t r o l  c i r c u i t .  The diagram 
i n  Fig.  1 g ives  a s impl i f i ed  idea  of the i n t e r a c t i o n  of t h e  two components. 
The r e g u l a t o r  is  f r equen t ly  designed i n  t h e  form of m u l t i p l e  c o n t r o l s ,  which i n  
a d d i t i o n  t o  t h e  governing f a c t o r  w,  i . e ,  t h e  s e t t i n g  of t h e  c o n t r o l  lever, 
accept  several con t ro l  f a c t o r s  XI, x2 .... (e.g.  number of r evo lu t ions  n ,  pres-  
s u r e s  p i t  and p2 t ,  a l s o  t h e  gas temperature T4t) as t h e  inpu t .  Correspondingly,  
s e v e r a l  c o n t r o l l e d  /sei/ f a c t Q r s  y1, y2 ... (e .g .  f u e l  supply t o  t h e  main and 
a f t e r -bu rne r  chambers QC and Qpc and the t h r u s t  j e t  c r o s s  s e c t i o n  AD) +re a v a i l -  
ab l e .  Occasional i n t e r f e r e n c e s  21 ,  22 .... (e .g .  a i r  e x t r a c t i o n  flow B y  Mach 
number M,, and environmental  condi t ions  p, and T, ) c o n s t i t u t e  t oge the r  wi th  
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. t h e  c o n t r o l l e d  f a c t o r s  t h e  inpu t  va lues  of t h e  engine.  

. .  

Figure  1. Diagram of t h e  Control  C i r c u i t  

W Governing f a c t o r  S e t t i n g  of c o n t r o l  lever 
XI, x2,  ... Control  f a c t o r s  e.g.  number of r evo lu t ions ,  p re s su res  

Pit;  pz t ,  t h e  gas temperature  Tqt and 
o t h e r  dependent v a r i a b l e s .  

e.g.  f u e l  f lows 4c and bpc, t h r u s t  j e t  
c r o s s  s e c t i o n  AD 

number, , environmental  cond i t ions  
P, and T , .  

y1, y2... Control led 
f a c t o r s  

21, z2...  I n t e r f e rences  e .g .  f low of ex t r ac t ed  a i r  8,  Mach 

2.2 Control  Tra in  - 13 

The c h a r a c t e r i s t i c s  of t h e  engine are gene ra l ly  given and f i rm,  wh i l e  t h e  
r e g u l a t o r  may be designed t o  provide favorable  c o n t r o l  behavior .  
s i t e  of t h e  design of t h e  r e g u l a t o r  i s  accura t e  knowledge of t h e  dynamic be- 
havior  of t h e  c o n t r o l  t r a i n ,  i .e. t h e  engine. The problem t h e r e f o r e  i n i t i a l l y  
c o n s i s t s  of t h e  formulat ion of a l l  necessary and r e l e v a n t  r e l a t i o n s h i p s  be- 
tween t h e  dependent v a r i a b l e s  of t h e  engine,  some of which are used as con- 
t r o l l e d  f a c t o r s ,  and t h e  independent v a r i a b l e s ,  i .e .  t h e  governing f a c t o r s  and 
t h e  i n t e r f e r i n g  magnitudes, i f  p resent .  Fig.  2 p r e s e n t s  t h e  problem i n  t h e  
form of a diagram*. 

A prerequi-  

I n  a d d i t i o n  t o  t h e  immediate con t ro l l ed  f a c t o r s ,  t h e  behavior of some of 
t h e  dependent v a r i a b l e s  are of g r e a t  i n t e r e s t  w i th  r e spec t  t o  t h e  observa t ion  
of t h e  t h r u s t  and o t h e r  engine da t a .  
f o r  t h e  comprehensive de te rmina t ion  of t h e  t r a n s f e r  behavior  of engines  i n  
gene ra l ,  p a r t i c u l a r l y  i n  t h e  presence of va r ious  i n t e r f e r e n c e s .  The method is  

In t h e  fol lowing a method i s  presented  

*For an explana t ion  of t h e  no ta t ion  see pages 13  ti 14. 
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. demonstrated by t h e  example of i n t e r f e r e n c e  by t h e  e x t r a c t i o n  of a i r  behind t h e  
compressor. 

j Independent 1 I Dependent 

4 

1 
0 

Figure  2 .  Turbojet  Engine, Input  and Output Values 

3. Transfer  Behavior of t h e  Engine 

The genera l  form of t h e  t r a n s f e r  func t ion  of j e t  engines  may be  given,  
wi th  va r ious  s impl i fy ing  assumptions,  according t o  References (1, 2 ,  and 3)  i n  
t h e  fol lowing manner*. For ins tance ,  t h e  t r a n s f e r  func t ion  of number of 
r evo lu t ions  n and a gas  temperature  a f t e r  t h e  t u r b i n e  T 4 t ,  f o r  a s ing le - sha f t  
engine wi th  a f t e r -bu rne r ,  a d j u s t a b l e  t h r u s t  j e t  and compressor a i r  e x t r a c t i o n ,  
i s  g e n e r a l l y  t h e  fol lowing:  

and 

. * References on page 14  and 15. 
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where 
i s  a t i m e  cons t an t  

' @ Qpc B Ag B B o ,  
0 0 0 

. _  

i s  a t i m e  cons tan t  
L 

T4to* ipC @ AD @ a o  
0 0 

etc.  

a ... a4 and b l  ... b4 a r e  cons t an t  c o e f f i c i e n t s .  1 

AM: excess  moment i n  an ope ra t ing  cond i t ion  d e f l e c t e d  from 
t h e  i n e r t i a l  po in t  Po 

D = d / d t :  d i f f e r e n t i a l  operator  
a :  angular  v e l o c i t y  

0: i n e r t i a  of r o t o r  
The index 0 s i g n i f i e s  t h e  s ta te  of i n e r t i a .  

The s impl i fy ing  assumptions a re :  - 1 5  

a )  s l i g h t  v a r i a t i o n s  i n  t i m e  of the inpu t  values ,  i . e .  a p p l i c a t i o n  of t h e  
theory  of l i n e a r  d i f f e r e n t i a l  equat ions and v a l i d i t y  'of t h e  p r i n c i p l e  of super- 
impos i t ion  f o r  a l l  v a r i a t i o n s ;  

U s e  of t h e  c h a r a c t e r i s t i c  d a t a  of t h e  s t a t i o n a r y  ope ra t ing  po in t  f o r  
t h e  c a l c u l a t i o n  of nons ta t ionary  processes;  

n e g l e c t  of t h e  t i m e  requi red  f o r  f i l l i n g  e x i s t i n g  volumes, p a r t i c u l a r -  
l y  t h e  combustion chamber and t h e  a f te r -burner  chamber, a l s o  neg lec t  of t h e  
t i m e  l a p s e  between f u e l  i n j e c t i o n  and the corresponding i n c r e a s e  i n  en tha lpy  of 
t h e  gas. 

b )  

c )  

This  a c t u a l l y  determines t h e  t r a n s f e r  func t ions  of a l l  of t h e  dependent 
v a r i a b l e s  of an engine wi th  r e spec t  t o  t h e i r  form, however, t h e  magnitudes of 
t h e  cons t an t s  al, a2 ...; bl, b2 ...; e tc .  and of t h e  t i m e  cons t an t s  i, T~ ..., 
remain unknown. They can be found only wi th  t h e  a i d  of t h e  thermodynamic re- 
l a t i o n s h i p s  of t h e  engine. 

3.2 Der iva t ion  of t h e  Transfer  Functions from Thermodynamic Re la t ionsh ips  

A s imple  formulat ion of t h e  des i red  t r a n s f e r  func t ions ,  i . e .  t h e  immediate 

. 
numerical  determinat ion of t h e  cons tan ts  a i ,  az . . . ;  bl, b2 ..., etc .  and t h e  
t i m e  cons t an t  T ,  .tl..., from thermodynamical r e l a t i o n s h i p s  i s  no t  f e a s i b l e ,  
p a r t i c u l a r l y  i n  t h e  case of i n t e r f e r e n c e s ,  e .g .  when a i r  i s  e x t r a c t e d  and t h e  
m a s s  f low i n  t h e  t u r b i n e  and t h e  compressor i s  unequal. 
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3 . 2 . 1  Relationships Derived from the Power Flow Diagram 

A comprehensive description may be obtained in an unambigious manner of 
the bebavior of the engine from an analysis of the heat or power flow diagram 
of the engine. 
with after-burner and air extraction for the case of nonstationary operation, 
established by utilizing the level designations shown in Fig. 3. In the dia- 
gram, sections A to L may be taken and the 11 equilibrium conditions may be 
formulated corresponding to Equations (3) to (13): 

Fig. 4 presents the power flow diagram of a turbojet engine 

- 17 

Sect ion  Relationship 

a a a 

P5 T5 - C  6D I C  T 4 b t  p4b 
( 9 )  

6 



Figure 3. Single-Shaft Jet Engine with Afterburner, Adjustable Thrust 
Jet and Air Extraction, Establishment of the Engine Levels 
and Designation of the Independent Variables. 

Figure 4 .  Power Flow Diagram of a Turbojet Engine with Afterburner and 
Air Extraction for the Case of Nonstationary Operation. 

3 . 2 . 2  Interrelationship of the Enthalpy Differences with the Pressure 
Conditions and the Flight Mach Number 18 

By relating the enthalpy differences as written above for the individual 
structural elements to the corresponding pressure conditions according to 

7 



Equations (14)  t o  (17) ,  t h e  c y c l i c  process may be closed through t h e  e q u a l i t y  
of t h e  products  obtained from t h e  compression and expansion p res su re  states, 
Equation (18). 

- 

wi th  
"E "IC "C "T "PC "D 

(18)  

I n  a d d i t i o n ,  t h e  r e l a t i o n s h i p  between t h e  back p res su re  en tha lpy  d i f f e r -  
ences  hE and t h e  f l i g h t  Mach number M, an independent v a r i a b l e ,  must-be given 

I(/l 2 
; a : < ,  

* . . \  ., - _  * *  7 .  Y .  . .  I ! t ' - ( t 9 ) *  - . -  
I .  'ht"m . e Pa *T-*-- , ,. 2 .  Nrn 

3.2.3 The Flow Behavior ,of  the  S t r u c t u r a l  Groups of t h e  Engine /9 
Information concerning t h e  behavior of t h e  engine i n  t h e  case  of a def lec-  

t i o n  from t h e  s t a t i o n a r y  opera t ing  s t a t e  is  s t i l l  missing.  This  information i s  
given by t h e  flow behavior  of s t r u c t u r a l  groups having t h r o t t l i n g  func t ions :  
t h e  compressor, t h e  t u r b i n e  and t h e  t h r u s t  j e t .  I n  t h e  case  of supersonic  ve- 
l o c i t i e s  t h e  i n l e t  must a l s o  be  taken i n t o  cons idera t ion .  

With s l i g h t  s tandard  dev ia t ions  from t h e  i n e r t i a l  p o i n t ,  which i s  desig- 
na t ed  by t h e  index "O", t h e  mass flow through t h e  compressor may be  given as 
fol lows:  

The mass flow through t h e  t u r b i n e  is  a func t ion  of t h e  p re s su re  r a t ioTT 
and t h e  gas temperature T3 t ,  as long as no son ic  v e l o c i t y  occurs  i n  t h e  wheels. 
When t h e  v e l o c i t y  of sound is  reached, t h e  flow depends only on t h e  p re s su re  
p3t  and t h e  temperature T3 t .  I n  a very gene ra l  manner, t h e  mass flow through a 
s ing le -  o r  mul t ip le -s tage  t u r b i n e  may be expressed by 

8 



The so-ca l led  e l l i p t i c  f a c t o r  E can be given as a func t ion  of nT. I f  a t  
t h e  o u t l e t  of t h e  t u r b i n e  l e a d  wheel sonic  v e l o c i t i e s  are obta ined ,  which o f t e n  
occurs  i n  t h e  v i c i n i t y  of t h e  design poin t ,  E = 1. The p res su re  r a t i o  P3t/P3to 
i n  Equation ( 2 1 )  may be  rep laced  by t h e  pa r t i a l  p re s su re  r a t i o .  Then,from (21) 

L e t  us  he re  in t roduce  t h e  s i m p l i f i c a t i o n  t h a t  f o r  s l i g h t  s tandard  devia- 
t i o n s ,  t h e  p re s su re  r a t i o s  i n  t h e  i n l e t ,  t h e  combustion chamber and t h e  a f t e r -  
burner  chamber are according t o  

P 2 t  3 t  o r ,  e .g .  P 2 t  P 2 t  9 0 w r n ~  =-.I- Or - m -  

0 
3 t  

0 
C c O  3 t  P 3 t  P 2 t  

This  means t h a t  t h e  p re s su re  l o s s e s  expressed i n  t h i s  manner inc rease  o r  de- 
crease l i n e a r l y  wi th  t h e  e x i s t i n g  pressure  level.  With t h i s  s i m p l i f i c a t i o n ,  
Equation (21.1) may be w r i t t e n  as 

F i n a l l y ,  f o r  t h e  m a s s  f low through t h e  t h r u s t  j e t  t h e  fol lowing express ion  i s  
v a l i d  : 

% .. 
6+ ia,+ hp C I- (23) 

2 u 
0 
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. For a h y p e r c r i t i c a l  expansion p res su re  r a t i o  w e  o b t a i n  by t h e  in t roduc t ion  of 
t h e  p a r t i a l  p re s su re  r a t i o  and wi th  cons idera t ion  of t h e  s i m p l i f i c a t i o n s  ac- 
cording t o  Equation (22) 

With t h i s ,  i n  t h e  case of t h e  p re sen t  example w e  have a system of 20 equat ions  
and 20 dependent v a r i a b l e s  and four  independent v a r i a b l e s  (&, 
inc lud ing  M, , p, , and T, . I n  p r i n c i p l e ,  t h e  system can thus  e solved.  

3.2.4 Engine Thrust  - 111 

I n  a d d i t i o n  t o  t h e  foregoing,  any f u r t h e r  p e r t i n e n t  c h a r a c t e r i s t i c  of t h e  
engine may now be  given,  such as t h e  t h r u s t ,  t h e  s p e c i f i c  f u e l  consumption, t h e  
i n t e r n a l  e f f i c i e n a y ,  e t c . ,  and included i n  t h e  s o l u t i o n  of  t h e  system without  
a f f e c t i n g  t h e  system of equat ions ,  provided t h a t  t h e  va lues  can be expressed 
wi th  t h e  dependent and independent v a r i a b l e s  a l r eady  introduced.  
t h e  t h r u s t  i s  given by 

For in s t ance ,  

F * (k+ic+ipc) is - M, (24)’ 

3.3 L inea r i za t ion  and Solu t ion  of t h e  System 

I f  t h e  i n v e s t i g a t i o n  i s  r e s t r i c t e d  t o  s m a l l  dev ia t ions  from t h e  s t a t i o n a r y  
ope ra t ing  p o i n t ,  t h e  system of equat ions may be l i n e a r i z e d .  It is  r e a d i l y  
solved by ma t r ix  c a l c u l a t i o n s .  
given i n  Equations (1) and (2)  are immediately obta ined  between a l l  dependent 
and independent v a r i a b l e s .  I n  t h e  case  of g r e a t e r  v a r i a t i o n s ,  t h e  c a l c u l a t i o n s  
may be  performed i n  several s t ages .  

Rela t ionships  similar i n  form t o  those  gene ra l ly  

3.4 An Example of Evaluat ion:  the SNECMA ATAR F Engine 

3.4.1 The Transfer  Functions 

An eva lua t ion  w a s  performed on the  example of t h e  SNECMA ATAR F a f t e r -bu rne r  
The fol lowing t r a n s f e r  func t ions  of number of r evo lu t ions  n and gas  engine.  

temperature  a f t e r  t h e  t u r b i n e  Tqt f o r  a f l i g h t  Mach number Moo 

of H,, = 0 ,  f o r  a nominal number of revolu t ions .  
= 0 and a he igh t  

10  



0 

A T 4 t  o , 2 9 8 + 0 , 6 W  TD “C 
7 

0 

- l+tD -I 

. Qc 

0 1 57+0 a 032 1 TD “PC 
a l + r D  A 

+ 
0 

‘P c 

U 
O r  

(0,O111+0,00916~tD)B 

0 
B l + r D  + 

with  T = 0.733 sec. 

(26) 

3.4.2 T r a n s i t i o n  Functions 

F igure  5 con ta ins  a r ep resen ta t ion  of t h e  progress  i n  t i m e  of t h e  dependent 
v a r i a b l e s  i n  t h e  case of e.g. a n  abrupt  input  of Sf3 = 1 kg/sec.  The t r a n s i t i o n  
func t ions  of a l l  of t h e  independent v a r i a b l e s  wi th  r e spec t  t o  t h e  example are 
en tered .  P a r t i c u l a r l y  i n t e r e s t i n g  are the progress  and t h e  f i n a l  va lues  of t h e  
v a r i a t i o n s  of t h e  number of r evo lu t ions  n and t h e  gas  temperatures  T 3 t ,  Tqt, 
T4bt, T5 wi th  r e spec t  t o  t h e  mechanical behavior and t h e  l i f e . o f  t h e  engine,  
a l s o  t h e  v a r i a t i o n  of t h e  p re s su re  r a t i o  IIK and t h e  a i r  flow L f o r  t h e  f i x a t i o n  
of t h e  s h i f t  of t h e  opera t ing  po in t  i n  the c h a r a c t e r i s t i c  f i e l d  of t h e  compress- 
o r ,  a l though t h e  r e s u l t s  are v a l i d  only f o r  t h e  engine without: c o n t r o l ,  i ,e .  f o r  
t h e  case when a l l  t h r e e  governing values  are s imultaneously cons tan t .  
t h e  p rogres s  of t h e  t h r u s t  i s  a l s o  remarkable. 

F i n a l l y ,  

3.4.3 Representat ion of t h e  r e s u l t s  i n  t h e  C h a r a c t e r i s t i c  F i e ld  of 
t h e  Compressor 

The s h i f t  of an  i n e r t i a l  po in t  Po i n  t h e  c h a r a c t e r i s t i c  f i e l d  of t h e  com- 
p res so r  is  shown toge the r  wi th  t h e  progress  of t h e  v a r i a t i o n  f o r  t h e  d iscont in-  
uous func t ions  of a l l  independent va r i ab le s .  Fig.  6 p r e s e n t s  t h e  d e f l e c t i o n  of 
t h e  ope ra t ing  po in t  f o r  c e r t a i n  changes i n  magnitude of t h e  compressor a i r  ex- 
t r a c t i o n ,  f u e l  supply and t h r u s t  j e t  c ros s - sec t ion ,  without  t h e  a f t e r b u r n e r .  
Fig.  7 shows a v a r i a t i o n  i n  t h e  f u e l  supply t o  t h e  a f t e r b u r n e r  dur ing  ope ra t ion  
of t h e  l a t te r .  The fol lowing should be noted i n  connect ion wi th  t h e  f i g u r e s :  

a )  The d e f l e c t i o n  of t h e  i n e r t i a l  p o i n t  due t o  a i r  e x t r a c t i o n  i s  d i f f e r -  
e n t  f o r  ope ra t ion  without  o r  wi th  an ope ra t iona l  a f t e r b u r n e r .  
i s  being e x t r a c t e d  t h e  flow of gas  is  reduced i n  t h e  a f t e r b u r n e r  a l s o ,  an 
apparent  i n c r e a s e  of t h e  f u e l  supply t o  t h e  a f t e r b u r n e r  i s  superimposed, be- /15 
cause  t h e  f u e l  supply remains cons tan t .  

f i t  t o  t h e  ope ra t ing  curve r e s u l t s  only i n  t h e  case of ope ra t ion  wi thout  t h e  

S ince  when a i r  

b)  When t h e  f u e l  f low t o  t h e  main combustion chamber is  inc reased ,  a good 

11 



I. 

a f t e r b u r n e r  . 
c )  The d e f l e c t i o n  of t h e  ope ra t ing  po in t  i n  exac t ly  oppos i t e  d i r e c t i o n s  

when t h e  f u e l  supply of t h e  a f t e r b u r n e r  i s  increased ,  o r  t h e  c r o s s  s e c t i o n  of - -  - 
t h e  j e t  i s  made l a r g e r ,  r ep resen t s  a con t ro l  wi th  
t h e  c a l c u l a t i o n .  

4 
-005 

A'k-o.l I- 

r e spec t  t o  t h e  accuracy of 

F igure  5. T rans i t i on  Functions of t h e  ATAR F Engine wi th  A i r  Ex t r ac t ion ,  
Afterburner  Operat ional  . - 113 

3.5 Notes Concerning t h e  Applicat ion of t h e  Procedure 

3.5.1 Data Required f o r  Evaluation 

I n  o rde r  t o  eva lua te  t h e  system of equat ions ,  knowledge of t h e  c h a r a c t e r i s -  
t i c  f i e l d  of t h e  compressor i s  necessary;  t h e  exponents a and B of Equations 
(20) may then  be  determined f o r  t h e  v i c i n i t y  of t h e  i n e r t i a l  p o i n t  t o  be inves- 
t i g a t e d .  
p re s su res  and e f f i c i e n c i e s  of t h e  ind iv idua l  s t r u c t u r a l  groups,  t h e  number of 
r evo lu t ions ,  t h e  mass flow and t h e  moment of i n e r t i a  of t h e  r o t o r  are requi red .  

For t h e  rest, only t h e  d a t a  concerning t h e  state,  :.e. temperatures ,  

3.5.2 Poss ib l e  Extensions 

The system of equat ions  can be solved very  r e a d i l y  and r a p i d l y  wi th  t h e  
a i d  of ma t r ix  c a l c u l a t i o n s ,  
i n t o  a more compact form through t h e  e l imina t ion  of  c e r t a i n  equat ions  and un- 
knowns. 
can be  increased  simply by t h e  add i t ion  of f u r t h e r  r e l a t i o n s h i p s  (e .g .  f o r  
e f f i c i e n c y  v a r i a t i o n s  wi th in  t h e  ind iv idua l  s t a g e s  of t h e  computation o r  by 

It i s  t h e r e f o r e  n o t  necessary  t o  b r i n g  t h e  system 

I n  a d d i t i o n ,  i n  t h e  form presented ,  t h e  accuracy of t h e  i n v e s t i g a t i o n  

12  



Def l e  
po in t  

I.... 

11.. . 

111.. 

c t i o n  of t h e  ope ra t ing  
PO .....,........ 

.wi th  a i r  e x t r a c t i o n  ( A i  = 

.wi th  inc reas ing  f u e l  
2 kg/sec.  ) 

supply t o  t h e  main com- 
bus t ion  chamber (AQc = 
0.04 kg/sec.)  

.wi th  inc reas ing  t h r u s t  
j e t  c r o s s  s e c t i o n s  (AAD 
= 0.003 m2) 

50 54 
Figure  6 .  S h i f t  of t h e  Operating Point P, wi th  Var i a t ions  of t h e  Various 

50 s4 1 
Figure  7. S h i f t  of t h e  Operating Poin t  Po wi th  Var i a t ions  of t h e  Various 

Independent Var iab les  with Operating Afterburner .  



t ak ing  i n t o  cons ide ra t ion  t h e  f i l l  t i m e s  of t h e  e x i s t i n g  volumes). 
accomplished without  i n t e r f e r i n g  wi th  the  convenience of  t h e  s o l u t i o n .  

This  can b e  

The ex tens ion  of t h e  method t o  t h e  i n v e s t i g a t i o n  of two-shaft engines  /16 
and two-cycle sngines  causes  110 fundarnental d i f f i c u l t i e s .  

For i n s t a n c e ,  t o  i n v e s t i g a t e  a two-shaft t u r b o j e t  engine,  i t  i s  merely 
necessary  t o  w r i t e  Equations (4) ,  (7), ( l l ) ,  (15) ,  (16), (20) and (21.2) f o r  a 
second t i m e  f o r  t h e  second r o t o r  aggregate,  Equation (18) i n  an  extended form 
and t h e  o t h e r  equat ions  wi th  s u i t a b l y  changed i n d i c e s .  

A p o s s i b l e  r e p r e s e n t a t i o n  of t h e  r e l a t i o n s h i p s  i n  t h e  form wi th  reduced 
q u a n t i t i e s  (independent of e x t e r n a l  pressure  and temperature)  w a s  purposely 
omit ted i n  t h e  i n t e r e s t  of c l a r i t y .  

4. Behavior of t h e  Control  C i r c u i t  

Since t h e  t r a n s f e r  behavior of t h e  con t ro l  t r a i n  i s  now known i n  d e t a i l ,  
t h e  c losed  con to l  c i r c u i t  may be presented. 
s u i t a b l e  c o n t r o l s  o r  t o  i n v e s t i g a t e  an  e x i s t i n g  c o n t r o l  system toge the r  wi th  . 
t h e  engine wi th  r e spec t  t o  favorable  con t ro l  behavior  during i n t e r f e r e n c e  wi th  
t h e  i h s t a l l a t i o n .  Such problems are r e a d i l y  solved wi th  t h e  a i d  of an analog 
computer i n  which e i t h e r  t h e  complete r egu la to ry  system, o r  because of t h e  
l i m i t e d  volume of t h e  computer, f requent ly  only t h e  e s s e n t i a l  c o n t r o l  f a c t o r s  
of t h e  engine are represented  simultaneously.  It i s  a l s o  poss ib l e ,  however, t o  
a s k  f o r  t h e  progress  of t h e  remaining p e r t i n e n t  dependent v a r i a b l e s  i n  sequence, 
wi th  a s i n g l e  c o n t r o l  s e t t i n g ,  so t h a t  complete information may be  gained wi th  
r e spec t  t o  the dynamic behavior  of t h e  closed engine c o n t r o l  c i r c u i t .  

It i s  f e a s i b l e  both t o  des ign  

- I 1 7  5. Summary same as Abst rac t .  

6. Appendix 
6.1 Notat ion and Ind ices  

1. a 
2.  A 
3. b 

5. c 
6. D 
7. E 
8. F 

10. h 
11. Hu 

13. m 

14. M 

16. n 

4 .  i3 

9. 6 

1 2 .  t 

15. AB 

- I18 

Coef f i c i en t  
Area 
Coef f i c i en t  
Ext rac t ion  a i r  flow 
Coef f i c i en t  
D i f f e r e n t i a l  ope ra to r  
E l l i p t i c  f a c t o r  
Thrust  
Gas flow 
S p e c i f i c  Enthalpy 
Lower h e a t  va lue  
A i r  f low 
Rat io  

Mach number 
Excess moment 
Number of r evo lu t ions  
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c 17. p 
18. P 
19. P 
20. Q 
21. R 
22. T 
23. w 
24. x 
25. y 
26. z 
27. a 
28. B 
29. A 
30. )I 

32. k 
33. it 
34. T 
35. 52 

31. e 

N/m2 
W 

kg/s 
.?/kg O K  

OK 

kg.m 2 

S 

u s  
36. I t o  I V  

Tndices 

C 
D 
E 
i 
K 
m 
PC 
t 
T 
0 
1 
2 
3 
4 
4b 
5 .. 
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